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Abstract
The Belgrade rat has a microcytic, hypochromic anemia inherited as an autosomal recessive trait (gene symbol b).
Transferrin-dependent iron uptake is defective because of a mutation in Nramp2 (now DMT1, also called DCT1), the protein
responsible for endosomal iron efflux. Hence, Belgrade reticulocytes are iron deficient. We show that a chromatographic
method is able to measure the amount of ‘free’ heme in reticulocytes. Most of the ‘free’ heme is the result of biosynthesis.
Succinylacetone, an inhibitor of heme synthesis, decreases the level of ‘free’ heme and cycloheximide, an inhibitor of globin
synthesis, increases the ‘free’ heme level. In a pulse-chase experiment with 59Fe-transferrin, the ‘free’ heme pool behaves as an
intermediate, with a half-life of just over 2 h. Belgrade reticulocytes contain about 40% as much ‘free’ heme as do
heterozygous or homozygous reticulocytes. This deficiency of ‘free’ heme slows initiation of translation in Belgrade
reticulocytes by increasing the level of an inhibitor of initiation. Thus the Belgrade rat makes a whole animal model available
with chronic heme deficiency. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
The Belgrade rat (gene symbol b) has a hypochro-
mic, microcytic anemia inherited as an autosomal
recessive trait [1]. Transferrin-iron (Tf-Fe3) is endo-
cytosed into the reticulocyte normally; iron does not
leave the endosome, however, but rather is exocy-
tosed on Tf in nearly a diferric form [2]. Iron £ux
from the endosome to the mitochondria is, therefore,
severely diminished in the Belgrade reticulocyte [3].
The Belgrade mutation (G185R) occurs in the pro-
tein Nramp2 (natural resistance associated macro-
phage protein 2), which transports iron out of the
endosome [4]. Nramp2 has an identical mutation in
the microcytic mouse [5] and has also been called
DCT1 (divalent cation transporter 1) in work that
identi¢es it as a gastrointestinal iron transporter [6].
Now a consensus has formed behind the name
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DMT1 (divalent metal transporter 1, via ironet-l,
an Internet discussion group, ironet-llistserv.acsu.
bu¡alo.edu). Since the DMT1 mutation makes Bel-
grade reticulocytes iron de¢cient, the concentration
of ‘free’ heme should also be diminished. One must
keep in mind, however, that ‘free’ heme (Fe2-proto-
porphyrin IX) rapidly becomes ‘free’ hemin (Fe3-
protoporphyrin IX) and readily associates with mem-
branes and many proteins [7,8].
Heme regulates several cellular processes. It con-
trols the translation of mRNA in reticulocytes via
the heme-regulated inhibitor (HRI or heme-con-
trolled repressor) [9,10]. When heme concentration
is low, HRI inhibits initiation of mRNA translation
by phosphorylating the K-subunit of the initiation
factor eIF2 [9,10]. A translational defect occurs in
Belgrade reticulocytes. The distribution of mRNA
between polysomes and the postribosomal superna-
tant was di¡erent in b/b reticulocytes compared to
normal; one-third of the globin mRNA in b/b retic-
ulocytes was in the nonpolysomal fraction, as com-
pared to 6% for normal reticulocytes [11]. Addition
of exogenous hemin stimulated globin synthesis in
intact b/b reticulocytes, but inhibited globin synthesis
in normal reticulocytes [12]. Also translation of pol-
y(U) by a cell free system derived from b/b reticulo-
cytes was not so e¡ective as compared to one derived
from normal reticulocytes [13].
Heme might also control globin synthesis at a non-
translational level, e.g. transcription, stability or
processing of mRNA. Globin synthesis in Belgrade
reticulocytes is about 50% of normal as measured by
the incorporation of radioactive amino acids,
although K- and L-globin chain synthesis is balanced
[14]. Belgrade reticulocytes have only about half the
amount of globin mRNA as normal; the message
that is present is translated in the same relative pro-
portions as normal with respect to the four L- and
three K-chains [15]. Two other groups have reported
evidence that heme a¡ects mRNA accumulation in
erythroid cells [16,17].
Heme also regulates iron uptake into reticulocytes
[18]. When exogenous hemin was added to normal
rat reticulocytes, iron uptake was inhibited [12].
Exogenous hemin had little e¡ect on iron uptake
into Belgrade reticulocytes, however [12].
Liu et al. [19] published a method that had prom-
ise as a means of detecting ‘free’ heme. It was, how-
ever, intended to detect heme after dissociation of
hemoglobin (Hb) to heme+globin as in the case of
Hb S where the E6V mutation renders the Hb more
susceptible to mechanical degradation [20,21]. Fig. 1
shows pathways in which ‘free’ heme is involved. The
degradative pathway (4 and 5), studied by Liu et al.
[19], probably also occurs to a small extent for nor-
mal Hb. Reaction 3 represents the normal equili-
brium between ‘free’ heme and globin with the equi-
librium ordinarily very much driven toward Hb
formation [22]. The biosynthetic pathway leads to
Hb biosynthesis and is shown in reactions 1 and 2.
It should occur only in reticulocytes while reactions
3^5 should be present in both reticulocytes and
erythrocytes.
In the present study, we show that the method of
Liu et al. [19] is appropriate for measuring the
amount of ‘free’ heme in reticulocytes. The level of
‘free’ heme correlates with reticulocyte counts and
hemolysate RNA concentrations. Inhibitors a¡ect
‘free’ heme levels as expected. Succinylacetone (SA),
an inhibitor of heme synthesis [23], decreases the
level of ‘free’ heme and cycloheximide, an inhibitor
of protein synthesis [24], increases it. Pulse-chase
data after labeling with 59Fe-Tf indicate that the
‘free’ heme fraction behaves as an intermediate in
Hb synthesis with a half-life of just over 2 h. Bel-
grade rat reticulocytes contain about 40% as much
‘free’ heme as do heterozygous or homozygous retic-
ulocytes. The de¢ciency in ‘free’ heme slows initia-
tion of translation in Belgrade reticulocytes by in-
creasing the level of an inhibitor of initiation,
presumably HRI. A preliminary report of some of
these data has been presented [25].
6
Fig. 1. Pathways in which ‘free’ heme is involved. Heme (center) is synthesized by reticulocytes when protoporphyrin IX and Fe2
(upper left) combine (1). In reticulocytes this heme is ordinarily an intermediate that combines with globin (2) to form Hb (lower
right). In reticulocytes and erythrocytes, ‘free’ heme+globin are in equilibrium (3) with Hb [22] with the equilibrium ordinarily very
much driven towards Hb formation (upper right). Degradation of Hb occurs (4) with the release of heme (5) in reticulocytes and
erythrocytes as in the case of Hb S, where the mutation increases mechanical instability [20,21]. This last type of reaction might also
occur to a small extent for normal Hb.
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2. Materials and methods
2.1. Animals
Normal +/+ and heterozygous +/b rats were bled
on days 7, 5 and 3 preceding the experiment (day 0)
to induce a reticulocytosis of V20%. Calculated iron
loss was replaced by a subcutaneous injection of iron
dextran. To induce a higher reticulocytosis of
V50%, we injected rats intraperitoneally with neu-
tralized phenylhydrazine HCl (45 mg/ml in PBS), 10
mg/100 g b.wt., and collected reticulocyte rich blood
3 days after injection. Belgrade rats (b/b) had a nat-
urally occurring reticulocytosis ofV20% (V50% be-
fore the current iron supplemented diet [26]). Blood
was collected on heparin by retro-orbital sinus punc-
ture after anesthesia with Ketamine/Rompun (35^40
mg/kg/5^10 mg/kg). The SUNY Institutional Animal
Care and Use Committee reviewed and approved all
procedures on animals.
2.2. Preparation of hemolysates
We modi¢ed our methods from Liu et al. [19] to
allow for the unusual properties of rat Hbs. Cells
were washed three times in PBS. Centrifugation
was at 5000Ug for 5 min. Cells were lysed in eight
times the original cell volume with 5 mM NaH2PO4,
pH 8.6 or with 5 mM Tris-HCl, pH 8.6 when noted.
The hemolysate was then made 2 M in NaCl and
centrifuged at 20 000Ug for 20 min. The supernatant
was recovered and the cell pellet was lysed again by
adding 2 vols. of the original lysing bu¡er, making
the hemolysate 2 M in NaCl and centrifuging at
20 000Ug for 20 min. The hemolysates were pooled
and the Hb concentration was measured [27]. Hemo-
lysates were processed as soon as possible on the day
of preparation to minimize alterations other than the
expected rapid conversion of ‘free’ heme to ‘free’
hemin.
2.3. Column separations
We modi¢ed the method of Liu et al. [19], making
it appropriate for rat hemolysates. The lysates were
run through a 0.5U4 cm column (V0.8 ml) of Dow-
ex 1-X8 resin (Bio-Rad, Richmond, CA) equilibrated
in 2 M NaCl, 5 mM NaPO4, pH 7.4. Hemoglobin
does not bind to the column under these conditions,
but ‘free’ heme does. The column was rinsed with
¢ve times the bed volume of 2 M NaCl, 5 mM
NaPO4, pH 7.4 to assure that all the Hb had passed
through, then with ten times the bed volume of 5 mM
NaPO4, pH 7.4. The latter low salt rinse was done
to avoid precipitation of SDS by high salt. ‘Free’
heme was then eluted from the column with 10%
SDS. Fractions of 900 Wl were collected; 90 Wl of
100 mM KCN were added to each fraction. A405
and A540 were read for each fraction. Elution of
the column was continued until the A540 returned
to background. The amount of ‘free’ heme was cal-
culated from the A540 using an extinction coe⁄cient
of 11.1 or A405 = A540U8.15, providing greater sensi-
tivity at the expense of a modest loss in precision and
reproducibility. The percent recovery of Hb was
close to 100%. Reconstitution experiments with
added hemin yielded a recovery of 66%, assuming
that exogenous hemin rapidly equilibrated with intra-
cellular ‘free’ heme, a recovery similar to that re-
ported by Liu et al. [19].
2.4. Incubations of reticulocytes with inhibitors
Reticulocyte-rich blood was washed three times
with PBS as described above and one time with in-
cubation medium [28], an appropriate salt solution
plus 20 amino acids and BSA. Washed cells were
incubated at a packed cell volume of 25% at 37‡C
in incubation medium containing either 2 WM cyclo-
heximide, 1 mM SA or no additions to serve as con-
trols. After 15 min of preincubation, 200 WCi of 3H-
leucine (1 mCi/ml, Amersham, Chicago, IL) was
added to aliquots of the cycloheximide incubation
and its control to determine the extent of inhibition.
One WM 59Fe-Tf [2] (59Fe from Dupont NEN, Bos-
ton, MA) was similarly added to aliquots of the SA
incubation and its control. Cells were incubated for
an additional 60 min. Cells were washed, lysed and
processed as described above. An aliquot of lysate
was counted for 3H or 59Fe, respectively, using a
Tri-Carb Model 4530 Liquid Scintillation System
(United Technologies Packard, Downers Grove, IL)
and a LKB Wallac 1282 Compugamma Q-counter
(EGG Wallac, Gaithersburg, MD).
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2.5. Pulse/chase incubations
Reticulocyte-rich blood cells were washed as de-
scribed above for the inhibitor incubations. They
were incubated with 59Fe-labeled rat plasma [14] at
a packed cell volume of 25% for 15 min at 37‡C. The
incubation was terminated by adding ice cold PBS
and cells were washed three times with PBS. One half
of the sample was lysed and processed as above. The
other half was reincubated with non-radioactive Fe
plasma for 2 h at 37‡C. This chase incubation was
similarly washed and processed.
2.6. Rat reticulocyte cell free protein synthesis and
HRI evaluations
Reticulocyte rich blood from +/+ and b/b rats con-
tained V50% reticulocytes. Cells were washed three
times with 10 vols. of 130 mM NaCl, 5 mM KCl, 7.4
mM MgCl2 (NKM) at 4‡C and 1000Ug for 10 min.
The packed cells were lysed in 4 vols. of 4 mM
MgCl2 [29], the stroma free lysate collected after cen-
trifugation at 4‡C and 20 000Ug for 20 min and the
lysates incubated with 50 WCi of 3H-leucine in a de-
¢ned medium with an ATP generating system at
37‡C for selected intervals [29]. Where noted, 20
WM hemin was also added to the incubation or 35
WM hemin was present in the NKM, lysate and in-
cubation.
Crude HRI preparations were derived from post-
ribosomal supernatants by centrifuging the stroma
free lysates at 4‡C and 105 000Ug for 2 h. HRI ac-
tivity was assayed in a rabbit reticulocyte cell free
system [29]. Phenylhydrazine injection of rabbits
[29] induced a reticulocytosis of V90%. Blood was
collected on heparin after puncturing the central ar-
tery of the ear, then washed with NKM and lysed
with 4 mM MgCl2 as described above. Stroma free
lysates were stored at 370‡C until use. The lysates
were incubated with 50 WCi of 3H-leucine in a de-
¢ned medium with an ATP generating system [29]
with 20 WM hemin (100 Wl ¢nal volume) and 5 Wl
of 4 mM MgCl2 (control) or rat reticulocyte lysate
(experimentals) at 37‡C for 60 min.
2.7. Additional considerations
Because of uncertainties and imprecision in count-
ing reticulocytes, especially from Belgrade rats, com-
parisons between Belgrade and control rats were reg-
ularly based on RNA denominators. RNA was
determined as described previously [14]. Data were
analyzed using the program STATA (STATA, Col-
lege Station, TX); P6 0.05 was the criterion for sig-
ni¢cance.
3. Results
3.1. Most ‘free’ heme results from biosynthesis
Reticulocytes have several properties that are ab-
sent from erythrocytes [30], including the presence of
Tf-receptors, the ability to biosynthesize heme and
the retention of substantial levels of RNA (as
rRNA, tRNA and mRNA). Di¡erent levels of retic-
ulocytosis were induced in +/b rats, hemolysates were
prepared and the amount of ‘free’ heme was deter-
mined by the column separation technique of Liu et
al. [19]. Heme concentrations were calculated initially
as though ‘free’ heme were uniformly present in all
cells. RNA concentration was also measured in he-
molysates. The percentage of reticulocytes and con-
centration of RNA are plotted against the amount of
heme in Fig. 2. Heme correlates with both the retic-
ulocyte count and the RNA concentration. We ob-
tained a similar relationship for +/+ rats, but could
not examine the lower range for b/b rats because of
their spontaneous reticulocytosis. Regression analy-
ses, comparing reticulocyte count to heme and RNA
to heme, gave y-intercepts of 9.9% reticulocytes and
2.18 mg RNA/g Hb, respectively with P = 0.022 and
0.034 and coe⁄cients of determination (adjusted r2
values) = 0.62 and 0.56, respectively. These intercepts
indicate that most ‘free’ heme has disappeared before
maturing reticulocytes have lost all of their ability to
take up new Methylene blue stain (and thus be de-
tected as reticulocytes) or their RNA content. These
observations suggest that the contribution of biosyn-
thesis to ‘free’ heme levels is an order of magnitude
or more greater than that from the equilibrium be-
tween Hb and ‘free’ heme in rat erythrocytes. These
observations also suggest that less mature rat retic-
ulocytes have substantially more ‘free’ heme than
nearly mature reticulocytes. The concentrations are
likely to be 8^10 WM in ‘young’ rat reticulocytes and
BBAMCR 14442 2-3-99
M.D. Garrick et al. / Biochimica et Biophysica Acta 1449 (1999) 125^136 129
6 0.1 WM in mature erythrocytes. The latter level is
con¢rmed by our inability to detect ‘free’ heme in red
cells containing only 4 and 6% reticulocytes (not
shown). The P-values are estimates of the likelihood
of ¢nding such a linear relationship by chance, indi-
cating a signi¢cant linear relationship in both panels
of Fig. 2; while the coe⁄cients of determination are
estimates of the fraction of total variance in each
analysis that is accounted for by the linear relation-
ship. It appears that most of the remaining variance
resides in the heme measurements; this inference is
supported by our ¢nding that regression of reticulo-
cyte count on RNA also yields a linear relationship
with P = 0.0002 and a coe⁄cient of determina-
tion = 0.94.
3.2. Inhibitors that a¡ect the levels of ‘free’ heme
The lack of precision (scatter) in Fig. 2 provided
motivation to learn more about the relative contri-
butions of mature and immature erythrocytes to
‘free’ heme. Certain inhibitors a¡ect the levels of ra-
diolabeled heme [7]. SA (4,6-dioxoheptanoic acid) is
an inhibitor of heme synthesis that decreases produc-
tion of porphobilinogen by acting on the enzyme N-
aminolevulinic acid dehydratase [23]. Blood cells
containing 23% reticulocytes from a +/+ rat were
incubated with a de¢ned medium or the same me-
dium containing 1 mM SA for 1 h at 37‡C. Parallel
incubations with 59Fe2-Tf showed that SA decreased
total heme synthesis to 6 5% of the control. ‘Free’
heme levels with SA were 32% of the control. A
second series of incubations yielded similar results.
Cycloheximide inhibits protein synthesis by block-
ing peptide elongation [24]. Since globin accounts for
95% of the protein in reticulocytes, cycloheximide
will decrease the amount of available globin which
should lead to an increase in heme. Blood cells con-
taining 13% reticulocytes from a +/+ rat were incu-
bated with a de¢ned medium or the same medium
containing 2 WM cycloheximide for 1 h at 37‡C. In-
corporation of 3H-leucine into protein revealed that
cycloheximide decreased globin synthesis to 6 5% of
the control. ‘Free’ heme levels with cycloheximide
were 235% of the control. A second series of incuba-
tions yielded similar results. These data reveal that
the ‘free’ heme pool exhibits the expected increase
when cycloheximide is present and are consistent
with the pool having considerably higher levels in
reticulocytes than in erythrocytes.
3.3. Turnover of the free heme pool
The decline in ‘free’ heme when SA inhibits its
synthesis suggests that ‘free’ heme ought to be meta-
bolically labeled. Pulse-chase experiments were per-
formed by incubating +/b reticulocytes with 59Fe-Tf
at 37‡C for 15 min then splitting the cells into two
aliquots, lysing one immediately after washing while
the other was reincubated with non-radioactive Fe-
Tf at 37‡C for 2 h. The requirement for su⁄cient
hemolysate to determine A405 after Dowex-1 separa-
tion limited the analyses to the chosen time points.
After the 2-h chase, 45% of the 59Fe-counts initially
in the ‘free’ heme fraction had been chased presum-
ably into Hb indicating a half-life of just over 2 h.
These 59Fe-counts initially represented 0.02% of the
total incorporated into cells for the pulse labeling
and 0.011% for the pulse chase with the remainder
found associated with Hb in the fraction not initially
retained by the Dowex-1 column. Data are represen-
tative of two experiments.
3.4. ‘Free’ heme in Belgrade reticulocytes
The analyses in Fig. 2 and Section 3.2 suggest that
‘free’ heme levels in erythrocytes are negligible com-
pared to those in reticulocytes. Hence, it is justi¢ed
Fig. 2. ‘Free’ heme levels correlate with reticulocyte count and
hemolysate RNA concentration in +/b rats. Heme is plotted as
WM in cells along the abscissa in both panels with reticulocyte
count as % on the ordinate in A and RNA as mg/g Hb on the
ordinate in B. The line is ¢tted to the data by regression in
each panel; error bars indicate þ 2 S.D.
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to calculate ‘free’ heme per reticulocyte or per RNA
in comparing b/b cells to +/b and +/+ cells. Fig. 3
shows that ‘free’ heme levels are diminished in Bel-
grade reticulocytes. In Fig. 3A, heme per reticulocyte
was calculated by dividing heme concentration (WM)
by the percentage of reticulocytes. Belgrade reticulo-
cytes have about 50% as much ‘free’ heme as do +/b
and +/+ reticulocytes by this criterion. In Fig. 3B,
heme per RNA was calculated by dividing heme con-
centration (WM) by RNA concentration (mg/g Hb).
Belgrade reticulocytes have about 33% as much ‘free’
heme as do +/b and +/+ reticulocytes by this crite-
rion. Therefore, the poor iron uptake into reticulo-
cytes caused by the Belgrade mutation does lead to
chronic heme de¢ciency as expected.
3.5. Protein synthesis in the Belgrade rat reticulocyte
cell free system
Chronic de¢ciency of ‘free’ heme should have a
series of consequences for systems dependent on or
regulated by heme. Protein synthesis in the reticulo-
cyte cell free system is an example that can now be
compared to protein synthesis in intact reticulocytes
[12]. The earlier studies [12] showed that globin syn-
thesis in intact b/b reticulocytes was stimulated by
exogenous hemin, but globin synthesis in control
rat reticulocytes was inhibited by exogenous hemin.
Those data are consistent with the interpretation that
the control cells have optimal levels of ‘free’ heme,
but b/b reticulocytes have a chronic heme de¢ciency.
One would predict that a cell free protein synthesiz-
ing system prepared from normal rat reticulocytes
should be similar to one prepared from rabbit retic-
ulocytes, the system where most studies of hemin
supplementation have been done. Thus the +/+ rat
cell free system should require only exogenous hemin
supplementation because it lacks mitochondria, the
compartment that completes the synthesis of heme in
intact cells. On the other hand, such a system pre-
pared from b/b reticulocytes should exhibit conse-
quences of pre-existing heme de¢ciency even during
its preparation. Fig. 4 shows that protein synthesis in
a cell free system prepared from Belgrade rat retic-
ulocytes exhibited a greater and logistically di¡erent
Fig. 4. Response of +/+ versus b/b rat reticulocyte cell free sys-
tems to hemin supplementation. The left panel shows incorpo-
ration of 3H-leucine by the +/+ cell free system and the right
by the b/b cell free system. Reticulocytosis was induced in a +/
+ rat by phenylhydrazine injection and was about 50% when
the cell free systems were prepared. The b/b rat had a spontane-
ous reticulocytosis of about 50%. ‘None’ indicates that the cell
free systems were made from an aliquot of reticulocytes with
no exogenous hemin present. ‘After’ indicates that 20 WM hem-
in was added to the cell free system after lysis and removal of
stroma. ‘Both’ indicates that 35 WM hemin was added to the
cells before lysis and to the hemolysate prior to centrifugation
to remove the stroma. Error bars indicate þ 2 S.D. for triplicate
points.
Fig. 3. ‘Free’ heme levels are diminished in Belgrade reticulo-
cytes. (A) Heme per reticulocyte, calculated by dividing heme
concentration (WM) by the percentage of reticulocytes, is shown
in the top half. (B) Heme per RNA, calculated by dividing
heme concentration (WM) by RNA concentration (mg/g Hb), is
shown in the bottom half. The data represent the means þ 2
S.D. of ¢ve, four and four determinations, respectively.
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requirement for exogenous hemin than the cell free
system prepared from normal rat reticulocytes. The
+/+ cell free system was stimulated maximally by 20
WM hemin added after lysis and removal of stroma
(Fig. 4, +/+ After). Increasing the exogenous hemin
concentration to 35 WM and adding the exogenous
hemin before lysis and removal of stroma led to a
lesser stimulation (Fig. 4, +/+ Both). In contrast, the
b/b cell free system is not stimulated by 20 WM hemin
added after the cell free system is prepared (Fig. 4, b/
b After). Increasing the exogenous hemin to 35 WM
and adding it before lysis and removal of stroma
improved and prolonged protein synthesis dramati-
cally (Fig. 4, b/b Both). The di¡erence between the +/
+ and b/b cell free systems is consistent with there
being optimal heme levels in the +/+ versus a de¢-
ciency of heme in the b/b prior to lysis. After mito-
chondria are removed by centrifugation during prep-
aration, the cell free systems from both genotypes are
unable to synthesize heme, but the b/b cell free sys-
tem is more immediately sensitive than the +/+ cell
free system because it is already heme de¢cient.
3.6. HRI in +/+ versus b/b cell free systems
The behavior of the cell free systems can be attrib-
uted to the formation of an inhibitor of initiation of
protein synthesis, HRI, when heme is de¢cient. A cell
free system was prepared from rabbit reticulocytes.
Incorporation of 3H-leucine by this cell free system
with only 4 mM MgCl2 as an addition was de¢ned as
100% (Control). The addition of post-ribosomal
supernatant from a +/+ cell free system, where 20
WM hemin had been present after lysis, inhibited in-
corporation in the rabbit cell free system by 26 þ 2%.
Post-ribosomal supernatant from a +/+ cell free sys-
tem prepared from the same +/+ reticulocytes in the
absence of hemin inhibited incorporation in the rab-
bit cell free system by 52 þ 4%. This greater inhibi-
tion indicates the activation of the HRI when heme is
absent. In contrast, aliquots of a b/b cell free system
inhibited incorporation in the rabbit cell free system
by 45 þ 4 and 44 þ 5% when prepared with or with-
out 35 WM hemin, respectively. Each value represents
the mean þ S.D. for four analyses. This observation
is consistent with the argument that the HRI was
already maximally activated because Belgrade retic-
ulocytes are chronically heme de¢cient.
4. Discussion
4.1. Detection of ‘free’ heme, largely due to
biosynthesis
Liu et al. [19] have already provided evidence that
the elution of Dowex-1 X8 with 10% SDS recovers
‘free’ hemin after degradation of Hb S. The present
paper provides evidence that the same fraction can
contain material that is almost entirely derived from
‘free’ heme that is ordinarily an intermediate in Hb
biosynthesis (i.e. the product of reaction 1 and sub-
strate for reaction 2 in Fig. 1). The evidence is based
on: (1) the correlations between percentage reticulo-
cytes, hemolysate RNA and ‘free’ heme in Fig. 2; (2)
the decrease in ‘free’ heme when biosynthesis is in-
hibited by SA; (3) the increase in this fraction when
protein (and thus globin) synthesis is inhibited by
cycloheximide, diminishing the substrate that reacts
with heme in reaction 2 of Fig. 1; and (4) the behav-
ior as an intermediate in metabolism during pulse-
chase experiments. Pulse-chase experiments also al-
low an estimate of just over 2 h for the half-life of
‘free’ heme. One should also note that the data just
summarized help to provide an alternative interpre-
tation for Liu et al.’s [19] ¢nding that sickle cells
have a higher content of ‘free’ hemin than controls
from cells containing HbAA. These controls usually
have lesser reticulocyte counts than HbSS patients
so, in the absence of data on reticulocytes, the au-
thors’ ¢nding could re£ect a di¡erence in biosyn-
thetic heme, greater mechanical instability of Hb S,
or both contributions.
One question that remains is how does the Dowex-
1 X8 separation work. Ordinarily, this type of col-
umn is used in anion exchange chromatography, but
that application is not the case here both because the
initial high ionic strength conditions for loading the
column preclude anion binding and because heme (or
hemin) is a cation. The initial high ionic strength
probably prevents Hb (and most other proteins)
from binding to the resin and presumably the sticky
nature of hemin allows it to bind as an a⁄nity ligand
by hydrophobic interactions. The SDS elution then
breaks these interactions allowing it to be eluted.
Probably the retention of ‘free’ heme from rabbit
hemolysate on a Sephadex G-25 column, long after
the internal volume has been eluted [7], is based on a
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similar a⁄nity of the column for the ligand. In their
system, however, they relied on 3% BSA to elute the
heme, probably by competing with the Sephadex for
the heme. We chose not to try their methods because
the conditions they use for loading the column (5 mM
Tris-HCl, pH 7.5) provide too low a pH and ionic
strength for preventing rat Hbs from precipitating.
The 2 M NaCl in the equilibrating bu¡er and the
potential for increasing its pH made Liu et al.’s
[19] conditions more attractive from the viewpoint
of maintaining the solubility of rat Hbs.
Richardson et al. [31] have identi¢ed yet another
fraction that behaves as though it could be ‘free’
heme. They call it ‘X’ and ¢nd that it labels meta-
bolically with iron, the iron can be chased into Hb
and the level of ‘X’ is diminished by SA inhibition.
More extensive characterization of ‘X’ would allow a
more de¢nitive conclusion.
4.2. Normal levels of ‘free’ heme
Our data suggest that the intracellular concentra-
tion of ‘free’ heme is 8^10 WM. This level is not far
from 20 WM, the optimal level for normal cell free
synthesis of protein and is lower than the 35 WM
necessary to have sustained b/b cell free synthesis
(Fig. 4) or prevent HRI formation in b/b lysates. It
is also lower than 400 WM, the concentration that
must be provided exogenously [12] to stimulate max-
imally protein synthesis by intact b/b reticulocytes.
Neuwirt et al. [7] obtain a rough estimate of 10
WM for rabbit reticulocytes then a more precise value
of 0.7 WM by isotopic dilution. One should also rec-
ognize that ‘free’ heme is likely to be enriched in the
mitochondrial compartment [18] so allowance for
this compartmentalization must be made in those
values that apply to cellular concentrations. We
¢nd that the ‘free’ heme pool from normal rat retic-
ulocytes contains 0.02% after 59Fe labeling. In com-
parison, Neuwirt et al. [7] found a higher value of
0.066% for rabbit reticulocytes. It is not clear
whether the di¡erence in species, ‘free’ heme separa-
tion or some other distinction is responsible for this
discrepancy. The two estimates bracket the percent-
age of 0.04^0.05% computed by comparing the intra-
cellular concentration of ‘free’ heme, 8^10 WM, to the
total heme in reticulocytes, 20 mM (from a mean
cellular hemoglobin concentration of 32 g/dl [26]).
Thus, one gains some con¢dence that ‘free’ heme
measured by the Liu et al. [19] assay, is tracking
such a cellular constituent or some relatively labile,
easily exchanged heme fraction that may serve a reg-
ulatory function.
4.3. Regulation of iron uptake by heme
Ponka and Neuwirt [18] proposed that intracellu-
lar levels of ‘free’ heme regulate erythroid iron up-
take. The ¢nding that exogenous hemin inhibited
iron uptake by +/+ rat reticulocytes, but did not
a¡ect iron uptake by b/b reticulocytes [12], was con-
sistent with this proposal. This paper also raised the
possibility that the metabolic step in iron metabolism
determined by the b gene product was, in fact, the
step regulated by heme. Generating support for this
argument had at least three requirements: (1) evi-
dence that b/b reticulocytes were de¢cient in ‘free’
heme; (2) identi¢cation of the b gene and the protein
it encodes to learn if it played an appropriate role in
iron metabolism; and (3) devising experiments to
show that ‘free’ heme does regulate the protein’s ac-
tivity. The evidence in this paper reveals that Bel-
grade reticulocytes have a chronic heme de¢ciency,
addressing requirement (1). Fleming et al. [4] have
also shown that the b gene is DMT1 (Nramp2 or
DCT1) and that it encodes the transporter responsi-
ble for exit of iron from endosomes, addressing re-
quirement (2). Future experiments based on the ex-
pression of DMT1 after transfecting cells in culture
[4,32] should help address requirement (3). In partic-
ular, such experiments should reveal whether wild-
type DMT1 activity is inhibited by exogenous heme
and whether the mutation G185R leads to loss of
regulation or so little residual activity that regulation
is di⁄cult to detect.
4.4. Regulation of translation in response to ‘free’
heme levels
Most of the evidence that heme regulates transla-
tion (reviewed in [9,10]) comes from studies of cell
free protein synthesis in reticulocytes extracts. Re-
moval of mitochondria eliminates heme biosynthesis
and the resultant heme de¢ciency activates HRI.
HRI phosphorylates eIF2K leading to inhibition of
translational initiation. There is some evidence that
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heme de¢ciency in intact reticulocytes activates the
same series of events [28]. Several papers indicate
that reticulocytes from Belgrade rats exhibit transla-
tional defects [11^13]. Fig. 3 presents evidence that b/
b reticulocytes do have chronic heme de¢ciency;
while Fig. 4 reveals that cell free extracts of b/b retic-
ulocytes require continuous supplementation with
greater than usual heme concentrations to prevent
inhibition of translation. Data on HRI show that
this requirement for heme supplementation is associ-
ated with prior activation of HRI that is preventable
by exogenous hemin in +/+ extracts, but not b/b
preparations. These results are consistent with earlier
studies of hemin addition to intact normal and b/b
reticulocytes [12] in which the exogenous hemin in-
hibited globin synthesis in the normal controls
(where presumably endogenous heme is optimal),
but stimulated globin synthesis in the heme-de¢cient
Belgrade cells. Thus the Belgrade rat makes a whole
animal model available with chronic heme de¢ciency.
As globin synthesis in b/b rats is impaired but clearly
su⁄cient for survival, it should be possible to learn
whether HRI is only partially activated or if there
are adaptations that are not so easy to detect in cell
free extracts.
4.5. Regulation of mRNA accumulation by heme
Belgrade reticulocytes contain about half as much
globin mRNA as normal rat reticulocytes [15]. Heme
a¡ects mRNA accumulation in erythroid cells
[16,17]. This regulation could be occurring at the
transcriptional level, or via altered processing of
transcripts dependent on heme levels, or due to an
e¡ect on mRNA stability. Whichever level is regu-
lated, one wonders whether HRI contributes to the
regulatory pathway or if heme acts via a separate
means.
4.6. Parsing iron- vs. heme-dependent regulation
The data in Figs. 2^4 support the argument that
most of the heme detected by the procedure of Liu et
al. [19] is ‘free heme’ and present in reticulocytes.
Belgrade rats have diminished levels of ‘free heme’.
Clearly they also have intracellular iron de¢ciency in
many tissues due to the mutation G185R in DMT1
[4]. The extent in each tissue and which tissues are
a¡ected remain to be determined, but evidence exists
showing that the mutated protein is an endosomal
iron transporter [2], a gastrointestinal iron transport-
er [5,6] and a non-Tf bound iron transporter [33,34].
DMT1 also transports other metals, as its name sug-
gests [6,35]. Iron levels within cells also appear to be
an important regulatory signal, working via transla-
tional regulation with iron regulatory proteins (IRPs)
sensing the intracellular iron levels and binding to
stem-loop structures in mRNAs called iron regula-
tory elements (IREs) when iron levels are low (re-
viewed in [36]). Hence, one can now raise the issue:
which responses are the consequences of chronic in-
tracellular heme de¢ciency and which are due to iron
de¢ciency? Unlike HRI’s e¡ects on translation,
mRNA accumulation and iron uptake cited above,
iron-dependent regulation of porphyrin metabolism
via N-aminolevulinic acid synthetase is due to an
IRP/IRE mechanism [37,38]. Prior to publication of
these two papers, Garrick et al. [39] showed that b/b
rat reticulocytes had decreased protoporphyrin syn-
thesis and that provision of additional iron as an
iron chelate restored porphyrin synthesis. These ¢nd-
ings are consistent with intracellular iron de¢ciency
and IRP/IRE regulation of N-aminolevulinic acid
synthetase. Now that both heme de¢ciency and a
decreased iron pool are known to be present in this
animal model, the challenge will be to learn where
heme and iron play a direct regulatory role.
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